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SUMMARY 

The effect  of e a r t h  thrust-to-weight r a t io s ,  and  specific impu l ses  
on t r a j ec to ry  p a r a m e t e r s  has  been investigated fo r  braking to an  orb i t  
about Venus. The thrus t  vec tor  w a s  d i rec ted  against  the velocity vec tor  
in  all instances.  Specific impulses  of 400 to 500 s e c  and e a r t h  thrus t -  
to-weight ra t ios  of 0 .  2 to  1.0 were used.  

SECTION I. INTRODUCTION 

P r e l i m i n a r y  mis s ion  analysis fo r  planning the exploration of 
Venus r equ i r e s  a sufficiently accura te  and rapid method fo r  determining 
the t r a j ec to ry  p a r a m e t e r s .  
method fo r  determining these pa rame te r s  f o r  powered braking into an  
o r b i t  about Venus when the a r r iva l  hyperbolic excess  velocity is known. 

The purpose of this  study is to p re sen t  a 

The approach used w a s  to determine the a r r i v a l  velocity f o r  a 
given t r ans fe r  t ra jec tory  and initiate burning s o  that c i r c u l a r  orb i t  
conditions a r e  attained a t  burnout. 
in tegra ted  on a RECOMP I1 computer ,  using a Runge-Kutta numer i ca l  
integrat ion procedure .  

The equations of motion w e r e  
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SECTION 11. ASSUMPTIONS 

The  following is a s u m m a r y  of the bas i c  assumpt ions  used  in  
this  study: 

1. Deceleration of a single s tage f r o m  a n  in te rp lane tary  t r a n s f e r  
t r a j ec to ry  to a 600-km c i r c u l a r  Venusian orb i t ,  using a constant  t h rus t  
d i rec ted  against  the velocity vector .  

2 .  Constant specific impulse values:  

a. 400 sec  

b. 425 sec  

c .  450 sec  

d. 475 sec  

e .  500 sec  

3. The ea r th  thrust- to-weight  ra t io  f o r  a chemica l  s tage was  
va r i ed  paramet r ica l ly  f r o m  0 . 2  to 1 .0 .  

4 .  Mean spher ica l  planet Venus: 

p = 324306.2 km3/sec2  

r = 6123.0 k m  

SECTION 111. ANALYSIS 

In Venusian mis s ion  p r o g r a m s ,  it is  a s s u m e d  that one mode of 
flight will  be by way of a t r a n s f e r  f r o m  a c i r c u l a r  orb i t  around Venus.  
In genera l ,  a spacecraf t  will  approach the vicinity of Venus with a 
re la t ive  hyperbolic flight velocity.  

The velocity requi rements  fo r  injection into a 600-km c i r c u l a r  
o rb i t  f r o m  an in te rp lane tary  t r ans fe r  t r a j ec to ry  w e r e  calculated using 
the equations of motion for  a vehicle flying, into orb i t  with a n  angle of 
a t tack of 180 degrees .  
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Refe r r ing  to the sketch below, computations w e r e  made  fo r  a 
point mass moving in a plane using the following equations of motion: 

LOCAL VERTICAL 

I 
INITIAL VERTICAL I 

where  

VENUS CENTER 

cos  & pQ - -  * F cos  CY 
V =  2 r m 

; = v c o s &  

$ =  v sin$ 
r 

m = mo t J mdt  

and 
F m = - -  
vex 

( 3 )  

(4) 
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The  velocity and flight path angle m a y  be obtained by integrating 
the equation of motion 

The  range and altitude can then be calculated by the relat ions 

V s i n z b  dt 
x = x o + J -  ' 9  

r 

h = h, t c d t  

and the central  angle is 

The  init ial  weight of the vehicle is  

w, = wc t wp ( 1 2 )  

The  velocity expended by a vehicle is  the charac te r i s t ic  
velocity, o r  

Then the velocity losses  a r e  the difference between the charac te r i s t ic  
velocity and the change in comparat ive velocity, o r  

where  the comparative velocity is 
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T h e  change in  zomparat ive velocity during descent  f r o m  r = ro to 
r = r  is f 

and the velocity loss  due to gravity is  

SECTION IV. DISCUSSION O F  RESULTS 

The r e su l t s  of this investigation a r e  shown in F i g u r e s  1 through 
13. The cha rac t e r i s t i c  velocity,  V, , is  plotted v e r s u s  hyperbolic excess  
velocity with e a r t h  thrust-to-weight ra t ios  as  a p a r a m e t e r  in F i g u r e s  1 
thrGugh 5 .  

F i g u r e s  6 and 7 show the velocity l o s s e s  due to gravi ty  fo r  
specific impulse  values  of 400 sec and 500 s e c  respect ively.  These  
l o s s e s  tend to z e r o  as the e a r t h  thrust-to-weight ra t io  is increased .  
The flight path angle at initiation of burning p r i o r  to Kepler ian pe r i cen te r  
is  shown in  F i g u r e  8. 

F i g u r e  9 shows the change in  a l t i tude.  This change is  the 

The change in o ther  t ra jec tory  
difference between the alt i tude at initiation of burning and ihe alt i tude 
of the c i r c u l a r  orbi t  about Venus. 
p a r a m e t e r s  is  shown in F igu res  10 and 11. 
t e r i s t i c  can be  de te rmined  f r o m  F igures  12 and  13. 

The vehicle m a s s  c h a r a c -  

SECTION V. CONCLUSIONS 

F r o m  this pa rame t r i c  analysis ,  suff ic ient  da ta  are p resen ted  to 
enable  the des igner  to make a prel iminary design of a s tage for  braking 
into an  orb i t  about Venus when the mis s ion  requi rements  a r e  defined. 
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SECTION VI. GRAPHIC PRESENTATION 
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HYPERBOLIC EXCESS VELOCITY, Vco (km/sec) 

FIGURE lb. CHARACTERISTIC VELOCITY, V I  (km/sec) , VERSUS 
HYPERBOLIC EXCESS VELOCITY, V, (km/sec), WITH THRUST- 

TO-WEIGHT RATIO AS A PARAMETER FOR A CONSTANT 
SPECIFIC IMPULSE O F  400 SECONDS 
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FIGURE IC. CHARACTERISTIC VELOCITY, VI (km/sec ) ,  VERSUS 
HYPERBOLIC EXCESS VELOCITY, V, (km/sec )  , WITH THRUST- 

SPECIFIC IMPULSE O F  400 SECONDS 
TO-WEIGHT RATIO AS A PARAMETER FOR A CONSTANT 
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FIGURE 2b. CHARACTERISTIC VELOCITY, V1 ( k m /  sec)  , VERSUS 
HYPERBOLIC EXCESS VELOCITY, Vo3 (km/sec )  , WITH THRUST- 

SPECIFIC IMPULSE O F  425 SECONDS 
TO-WEIGHT RATIO AS A PARAMETER FOR A CONSTANT 
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HYPERBOLIC EXCESS VELOCITY, Vco (km/sec )  

FIGURE 2c. CHARACTERISTIC VELOCITY, V, ( k m / s e c ) ,  VERSUS 
HYPERBOLIC EXCESS VELOCITY, V, (km/sec )  , WITH THRUST- 

SPECIFIC IMPULSE O F  425 SECONDS 
TO-WEIGHT RATIO AS A PARAMETER FOR A CONSTANT 
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FIGURE 3b. CHARACTERISTIC VELOCITY, VI' (km/sec) , VERSUS 
HYPERBOLIC EXCESS VELOCITY, V, (km/ sec) , WITH THRUST- 

TO-WEIGHT RATIO AS A PARAMETER FOR A CONSTANT 
SPECIFIC IMPULSE OF 450 SECONDS 
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FIGURE 3c. CHARACTERISTIC VELOCITY, V, ( k m l s e c ) ,  VERSUS 
HYPERBOLIC EXCESS VELOCITY, V, ( k m / s e c ) ,  WITH THRUST- 
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FIGURE 4b. CHARACTERISTIC VELOCITY, vi (km/sec )  , VERSUS 
HYPERBOLIC EXCESS VELOCITY, V, ( k m l s e c ) ,  WITH THRUST- 
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HYPERBOLIC EXCESS VELOCITY, Va, (km/sec )  

FIGURE 4c. CHARACTERISTIC VELOCITY, VI (km/ sec) , VERSUS 
HYPERBOLIC EXCESS VELOCITY, V, ( k m / s e c ) ,  WITH THRUST- 

SPECIFIC IMPULSE O F  475 SECONDS 
TO-WEIGHT RATIO AS A PARAMETER FOR A CONSTANT 
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FIGURE 5b. CHARACTERISTIC VELOCITY, VI ( tm/sec) ,  VERSUS 
HYPERBOLIC EXCESS VELOCITY, V, (km/sec),  WITH THRUST- 

SPECIFIC IMPULSE O F  500 SECONDS 
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AS A PAR-4METER 



26 

0 
0 4 



27 

2000 

1800 

1600 

1400 

1200 

1000 

800 

600 

400 

1 

FIGURE 1 1 .  BURNING TIME ( s e c )  VERSUS HYPERBOLIC EXCESS VELOCITY 
(km/sec) WITH THRUST-TO-WEIGHT RATIO AS A PARAMETER 



28 

E 

s 
Y 
Y 

w 
W 
2 m 

m N N 4 m -Y -Y m m 

( - 1 ‘OILVX SSVN 

c 



a 

0.12. 

0.16- 

0.20- 

0.24- 

0.28- 

0.321- 

0.36- 

0.40 

0.44 

0.48’ 

2 9  

, -  

0 

0. 

7 0, 
Y 

3” 
$0. 

E 
d 
3 

\ 

n 
u 0. 

6( 

4 0. 
H cn 

0. 

0. 

0. 

0. 

2.0 2.5 3.0 3.5 4 . 0  4.5 5.0 

MASS RATIO, ( - ) 

FIGURE 1 3 .  PAYLOAD FRACTION AND STAGE FRACTION VERSUS 
MASS RATIO WITH STAGE PROPELLANT MASS FRACTION 

AS A PARAMETER 



I 30 

I BIBLIOGRAPHY 

Cla rke ,  Victor C. J r . ,  A S u m m a r y  of the Charac t e r i s t i c s  of Bal l is t ic  
Interplanetary Tra j ec to r i e s ,  1962-1 977. Jet  Propuls ion  Labora tory ,  
C alifo rn i a  Ins t i  tute of Techno logy, Pasadena ,  Cal i fornia ,  Technic a1 
Repor t  No. 32-209, NASA Cont rac t  No. 7-100, January  15, 1962. 

Dobson, Wilbur F. ,  Mackay, John S. and Huff, Vea r l  N.,  Star t ing 
Conditions f o r  Nonoscil latory Low - Thrus t  P l ane t  - E scape T r a j ec  tor ie  s . 
NASA TN D-1410, August 1962. 

Ehr icke ,  Krafft A. , Space Fl ight  P r inc ip l e s  of Guided M i s s i l e s  Design. 
(Edi ted  b y  Grayson M e r r i l l ) ,  Pr ince ton ,  New J e r s e y ,  D. Van Nostrand 
Company, Inc, , 1960. 

Melbourne,  W. G. ,  Richardson,  D. E. a n d S a u e r ,  C. G. ,  Interplanetary 
T r a j e c t o r y  Optimization with Power-Limi ted  Propuls ion  Sys tems.  
Propuls ion  Laboratory,  Cal i fornia  Insti tute of Technology, Pasadena ,  
Cal i fornia ,  Technical Repor t  No. 32-173, NASA Cont rac t  No. NAS 7-100, 
F e b r u a r y  26, 1962. 

J e t  

Ross ,  S. , et. al. , A Study of In te rp lane tary  Transpor ta t ion  Sys tems.  
Lockheed Miss i les  and  Space Division, F ina l  Repor t  No. 3-17-62-1, 
Con t rac t  NAS 8-2469, June 2 ,  1962. 

Soviet  P r e s s  ( F e b r u a r y  12 - M a r c h  3,  1961), Destination--Venus 
(Astronaut ics  Information Trans la t ion  No. 20) Compiled and Trans la ted  
by  Joseph  L. Zygielbaum under  NASA Cont rac t  NASw-6. J e t  Propuls ion 
Labor  story, C alif o rn ia  Insti tute of Techno logy, Pasadena ,  Cal i fornia ,  
Apr i l  1, 1961. 

Stafford,  W a l t e r  H. , Working Graphs  for  Art i f ic ia l  Venusian Satell i tes.  
MSFC Report  IN-P&VE-F-62-8,  August 17, 1962. 

Stafford,  W a l t e r  H. and Catalfamo,  C a r m e n  R. , P e r f o r m a n c e  Analysis 
of High-Energy Chemical  Stages fo r  In te rp lane tary  Miss ions ,  Part I: 
Depar ture  f rom E a r t h  Orbit .  
M a r c h  22, 1963. 

. 

MSFC Report  M T P - P & V E - F - 6 3  -7 ,  



31 

APPROVAL MTP-P&VE-F-63  -9 

PERFORMANCE ANALYSIS O F  HIGH-ENERGY CHEMICAL 
STAGES FOR INTERPLANETARY MISSIONS 

PART I1 

By Walter €3. Stafford and Sam H. Hari in  

The information in  this report  has been reviewed fo r  s ecu r i ty  
c lassi f icat ion.  Review of any information concerning Depar tment  of 
Defense o r  Ator'nic Energy  Commission p r o g r a m s  has  been made  by 
the MSFC Secur i ty  Classification Officer. 
h a s  been  de termined  to be unclassified. 

This  r e p o r t ,  i n  its en t i re ty ,  

ief , Orbital  and Re-ent ry  Flight U n i t  

/dJJ+J 
A. w. G A L ~ R A N O  
Acting Chief, Fl ight  Operations Section 

w. A. MRAZEK 
Di rec to r ,  Propuls ion  and Vehicle Engineering Division 



3 2  

DISTFUB UTION 

M-DIR 
D r .  von Braun 

M-DEP-R&D 
D r .  Rees 

M-CP-DIR 
M r .  Maus 

M-AERO-DIR 
D r .  Geiss le r  

M -AERO- TS 
M r .  Baussus 
D r .  Heybey 
D r .  Sperling 

M-AERO-PS 
M r .  Braunlich 
M r .  Schmidt 

I 

M-AERO-A 
M r .  Dahm 
M r .  Struck 
M r .  Linsley I 

M - AERO-D 
M r .  Horn 
M r .  Thomae 
M r .  Callaway 

M-AERO-F 
D r .  Speer  
M r .  Kurtz 

M-AERO-P 
, D r .  Hoelker 
I M r .  Dearman 

M -AERO-S 
M r .  de Fries 

M-ASTR-DIR 
Dr .  Haeusse rmann  

M-ASTR-A 
M r .  Digesu 

M-ASTR-M 
M r .  Boehm 
M r .  P f a f f  

M - C OMP -.DIR 
D r .  Hoelzer  
M r .  Bradshaw 

M - F P O  
M r .  Koelle 
M r . W i l l i a m s  
D r .  Ruppe 

M-MS-H 
M r .  Akens 

M-MS-IP 
M r .  R e m e r  

M-MS-IPL 
M i s s  Robertson (8) 

M -P&VE-DIR 
Dr .  M r a z e k  
M r .  Weidner 
M r .  Hel lebrand 

M-P&VE-V 
M r .  P a l a o r o  



3 3  

DISTRIBUTION (Conc lude d)’ . 
M-P&VE-M 

Dr .  Lucas 

M -P& V E - F  
M r .  Goerne r  
M r .  B a r k e r  
M r .  Swanson 
Dr .  Krause  
M r .  Burns  

M -P& VE - F N  
M r. Jordan 
M r .  H a r r i s  
M r .  Saxton 

M -P&VE -FF 
M r .  Galzerano 
M r .  Fel lenz 
M r .  Kromis  (5) 
M r .  Russel l  
M r .  Stafford (25) 

M - P& VE - FS 
M r .  Neighbors 
M r. Johns 
M r .  Oril l ion 
M r .  Schwartz  
M r .  Laue 

M - P & V E - P  
M r .  Paul  
M r .  Head 

M -P& VE -S 
M r .  Kroll  
Dr .  G lase r  

M - P & V E  -SA 
M r .  Blumrich 
M r .  Engler  

M - P & V E - E  
M r .  Schulze 

M -P&VE-ADMP 

M-RP-DIR 
Dr.  Stuhlinger 
M r .  Hel le r  

M - R P  
M r .  Snoddy 
M r .  P r e s c o t t  
M r .  Naumann 
M r .  F ie lds  

M -SAT-DIR 
Dr. Lange 

M-HME-P 
M r .  Knox 

M-PAT 

Scientific and Technical Information 
Faci l i ty  
Attn: NASA Representat ives  (2) 

P. 0. Box 5700 
Bethesda, Maryland 

(S-AK/ RKT) 


